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IRRADIATION EFFECTS IN MAGNESIUM AND ALUMINUM ALLOYS

E. F. STURCKEN
Savannah River Laboratory, E. I. du Pont de Nemours and Co.,

Aiken, - South Carolina 29801, USA

Effects of neutron irradiation on microstructure, mechanical
properties, and swelling of several magnesium and aluminum alloys
were studied. The neutron fluences of 2-3 x 1022 n/cm? > 0.2 Mev
produced displacement doses of 20 to 45 displacements per atom
(dpa).

Ductility of the magnesium alloys was severely reduced by ir-
radiation induced recrystallization and precipitation of various
forms. Precipitation of transmuted silicon occurred in the alumi-
num alloys. However, the effect on ductility was much less than
for the magnesium alloys.

The magnesium and aluminum alloys had excellent resistance
to swelling: The best magnesium alloy was Mg/3.0 wt$ A1/0.19 wt$
Ca; its density decreased by only 0.13%. The best aluminum alloy

was 6063, with a density decrease of 0.22%.



IRRADIATION EFFECTS IN MAGNESIUM AND ALUMINUM ALLOYS

E. F. STURCKEN
Savannah River Laboratory, E. I. du Pont de Nemours and Co.,

Aiken, South Carolina 29801, USA
Introduction

Irradiation effects on structural materials are of considera-
ble interest in predicting deterioration of mechanical properties
and swelling in structural components used in fission and fusion
reactor environments.

Irradiation effects in pure magnesium have been reported by
Levy et al [1], Adda [2], Jostsons and Farrell [3], and Sturcken

21 n/cm? > 0.1 Mev the

and Krapp [4]. For a fluence of 2 x 10
principle irradiation effects were hexagonal shaped voids and par-
tial dislocations with their associated stacking faults. The de-
gree of void swelling was greater than for pure aluminum, however,
the voids were annealed out by heat treatment for 3.6 ks (1 hour)
at 320°C. For higher fluences (2.6 x 1022 n/cm? > 0.1 Mev) the
irradiation effects were more severe than for pure aluminum in
several respects, fig. 1: a) Anisotropic distortion of the sam-
ple was severe;b) In addition to voids, intergranular cavities

contributed to the overall swelling;c) Even though neutron colli-

sions with atoms occur homogeneously throughout the sample, the



voids occurred in "swirling" patterns that varied extremely in
density from one region to another within a single grain; and
d) For heat treatments of 4 hrs. at 450°C most of the voids did
not anneal out, but instead grew by an order of magnitude.

The observed irradiation effects in pure magnesium were postu-
lated by Sturcken and Krapp [4] to be caused by the following mecha-
nism: Atom displacements during irradiation cause layers of inter-
stitials to precipitate on basal planes resulting in prismatic loops
with Burgers vector b = ¢/2 [0001] containing high energy stacking
faults with three violations of the next nearest neighbor rule.

High energy faults transform to low energy faults through the nu-
cleation of Shockley partials b = a/3 [1oio] and subsequent inter-
action with b = ¢/2 [0001] to form low energy faults bounded by
prismatic loops with Burgers vector b =a/6 [2053]. This interac-
tion causeé a shearing of the lattice on the basal plane. Precipi-
tation of interstitials leaves a supersaturation of vacancies which
form voids on the basal planes. Since the voids form only on one
set of planes, the grains deform anisotropically and thereby cause
intergranular cavities and overall distortion. Extreme variation
in void density occurs because vacancies are ''swept out' in the re-
gions containing fewer voids by the deformation associated with the
lattice shearing on the basal planes. In a later paper [5] Jostsons
and Farrell have used the same high energy fault nucleation and
transformation mechanism to interpret their observations on the dis-

location structure and annealing behavior of irradiated magnesium.



Irradiation effects in a magnesium alloy, Magnox Al 80 (Mg/0.8
wt% A1/0.005 wt% Be) have been reported by Eldred [6] and by Gibbs
and Harris [7]. The alloy is used as a can for uranium fuel ele-
ments. Eldred [6] found that the creep ductility decreased with
increasing radiation, and the decrease was attributed [7] to heli-

6

um gas atoms generated from the Li (n, o) reaction by trace amounts

of lithium in the alloy.

Preliminary results indicating good swelling resistance for the
alloy Mg/3.0 wt% A1/0.2 wt% Ca have been reported by Sturcken and
Krapp [4], and further results will be given below. The alloying
elements discussed in the present paper, namely Al, Ca, Ce, Sn,
were chosen to have low neutron absorption cross sections and high
neutron scattering factors.

Irradiation effects in aluminum and aluminum alloys have been
reported by many authors [8-31]. The principle irradiation effects
are dislocation networks, voids and silicon precipitates formed by
the thermal neutron transmutation reaction 27Al(n, Y) 28Al,

. B 28
28Al e

Si. It is generally believed that the mechanism of void
formation is vacancy supersaturation caused by precipitation of in-
terstitial loops which grow rapidly into dislocation networks and
act as biased sinks for interstitials. The characteristics of void
formation as a function of irradiation and materials variables have
been reviewed by Stiegler [8]. The degree of void swelling in alu-

minum is greatly reduced by alloying, and the most swelling resis-

tant aluminum alloys are 6061 and 6063; the swelling resistance of



these alloys is attributed [25, 28] to the presence of the coher-
ent precipitate, Mg2 Si.

Transmutation produced silicon precipitates in aluminum, and
the effect of the precipitates on mechanical properties has been
discusseénby Farrell et al [15], Jostons et al [14], King et al
[25], and Sturcken and Krapp [28]. Mechanical property changes for

the highest neutron fluences have been reported by King, Farrell,

and Richt [29] and by Korth, Beeston, Martin, and Brinkman [27].

2. Experimental and Analytical Procedures
2.1 Magnesium and Aluminum Alloys

Magnesium alloys were cast as three inch diameter ingots by
the permanent mold process using magnesium metal of greater than
99.7% purity. The ingots were homogenized for seven days at 416°C
except for fhe Mg/3.0 wt%Z A1/0.19 wt% Ca ingot, which was homogenized
seven days at 416°C and five days at U482°C. The ingots were re-
moved directly from the furnace and hot extruded to 1.905 cm and
0.635 cm diameter rods. The 1.905 cm rods were used to prepare
the specimen holders and the 0.635 cmrrods to prepare the speci-
mens. The samples were given a final heat treatment of 2 weeks at
200°C to stabilize them for the experimental operating temperature
of 100 to 125°C. Chemical compositions of the magnesium and
aluminum alloys are given in table 1.

The aluminum alloys studied were commercial alloys 1100 and

6063. They were specified as reactor grade which limits nuclear
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poisons to a maximum weight percent of 0.001 boron, 0.003 cadmium,
0.001 cobalt, and 0.008 lithium. The 1100 alloy was tested in the
strain hardened and fully annealed conditions. The 6063 alloy was
tested in the solution heat treated, precipitation hardened, and

overaged conditions.
2.2 Irradiation Conditions

The alloys were irradiated as rods and tensile samples (fig. 2)
in position F-7 of the High Flux Isotope Reactor (HFIR) Target Bun-
dle at ORNL for a total of 302.35 full power days (100 megawatts
per day). Thermal and fast neutron fluences and irradiation

temperatures are given in table 2.

The fluence data were furnished by T. M. Sims of ORNL from multi-
group diffusion theory calculations supported by cobalt, gold, nick-

el, aluminum and magnesium foil activation data.
2.3 Measurements and Equipment

Microstructure, mechanical properties, density, and x-ray dif-
fraction measurements were made on the samples befo?e and after ir-
radiation. The data reported for the tensile tests represent aver-
ages of three samples each.

Liquid displacement density measurements were mgde with a six-
place Mettler balance using both relative [32] and absolute [33]
methods. Diamond pyramid micro-hardness (DPH) measurements were
made on a Tukon Hardness Tester using a 0.5 kg load and a dwell

time of 15 seconds. An average of five identations was used for



each sample. The tensile specimens were tested on an Instron test-
er at room temperature at a strain rate of 0.05 cm per 60 seconds.

X-ray diffraction studies were performed on a Norelco diffrac-
tometer with a fine-focus CuKa x-ray tube and a graphite single
crystal monchromator on the detector side of the diffractometer.
Powder diffraction data were also obtained with a Debye-Scherrer
camera. Scanning electron microscopy (SEM) was performed on an
AMR-900 microscope and x-ray energy spectroscopy on a Kevex 5000A
X-ray energy spectrometer.

Alloys were prepared for metallographic examination by wet
grinding on a conventional horizontal polishing wheel with 240, 300,
400, and 600 grit silicon carbide paper. Magnesium alloys were pol-
ished with 600 grit "4lundum,” 0.3 micron alpha alumina, and 0.05
micron "Magomet"” and etched with a solution of 10 ml acetic acid,
4,2g picric acid, 10 ml water, 70 ml ethanol (95%). Aluminum al-

loys were polished with 15, 6, and 1 micron diamond dust and 0.05

micron "Magomet" and etched with solutions of 1 g of NaOH in 100

ml water and 1 ml HF (48%) in 200 ml water.
3. Results and Discussion
3.1 Density Changes in Magnesium Alloys

Density changes for the magnesium alloys are shown in table 3.
The changes were small and were the least, -0.13%, for the Mg/3.0

wt% A1/0.19 wt% Ca alloy.



The density changes were not caused by void swelling, but by
precipitation of aluminum that was originally in substitutional sol-
id solution in the magnesium lattice. The magnesium lattice is con-
tracted in the unirradiated state, table 4, because of the presence
of aluminum which has a smaller atomic diameter than magnesium.
During irradiation the aluminum precipitates as Alleg17 which has
a density of 2.068 g/cm.3 compared to magnesium, 1.738 g/cm.s. The
magnesium lattice expands, table 4, due to loss of the aluminum.

The change in volume determined from the lattice parameter measure-
ments before and after irradiation is greater than the actual vol-
ume change determined from the density measurements because the
density measurements include the added volume of the precipitate,

The Mg/5.1 wt% A1/1.6 wt% Sn alloy had the greatest change in
density, -0.51%, probably because in addition to Alleg17, it also
formed the precipitate MgZSn which has a density of 3.662 g/cm.3
and therefore contributed less volume.

As previously reported [4], pure magnesium metal had large
decreases in density, -10.6%, due to the presence of hexagonal
voids and intergranular cavities. The lattice was also expanded
due to the presence of extrinsic stacking faults on the basal

planes.

3.2 Density Changes in Aluminum Alloys

Density changes for the aluminum alloys are shown in table 3.
The density change of the 1100 Al, -0.3%, compares well with that

measured for 1100 Al by Jostsons and Long [13]. During irradiation



0.52 wt% Si was generated in the 1100 Al by nuclear transmutation.
Silicon has a low solubility in aluminum, and it will precipitate.
If all the Si were precipitated as metallic silicon, it would ac-
count for about % of the observed density change. The density
change was the same for the strain hardened and anncalcd tcmpers.
Even though the fluence was 50% greater, table 2, the 6063 Al
had a smaller density change, -0.2%, than the 1100 Al. The amount
of silicon generated was 0.76 wt%, which if present as metallic
silicon, would account for about half of the observed density change.
The density change in the 6063 Al was the same, table 3, for the

solution heat treated, precipitation hardened, and overaged tempers.
3.3 Radiation Effects on Mechanical Properties

A1l of the alloys had the generally observed irradiation ef-
fects of increased yield and ultimate strength and hardness and de-
creased ductility, tables 5 and 6.

The magnesium alloys experienced severe losses in ductility.
Two of the alloys, Mg/5.1 wt% Al1/1.6 wt% Sn and Mg/5.2 wt% Al1/0.2
wt% Ca fractured during tensile tests with less than 0.3% plastic
elongation, and the other magnesium alloys retained only 2 to 3
percent total elongation to fracture. The cause of the embrittle-
ment is believed to be irradiation induced precipitation and will
be discussed in the section on irradiation effects on microstruc- -

ture and fracture mode.



As might be expected, the aluminum alloys retained their prop-
erties much better than the magnesium alloys, table 5. However,
they were very sensitive to initial temper. The 1100 Al with the
annealed temper (DPH=27) lost more ductility and experienced great-
er hardness increases than the strain hardened temper. The 6063 Al
with the overaged temper (DPH=30) lost more ductility and had great-
er hardness increases than the precipitation hardened tempers. How-
ever, for both alloys the "soft" tempers were still more ductile af-
ter irradiation. The principle effects causing the property changes
were precipitated silicon and dislocation hardening. Voids were not

observed.
3.4 Irradiation Effects on Microstructure and Fracture Mode
3.41 Magnesium Alloys

Prior to irradiation, the Mg/7.7 wt% Al alloy had some fine
oriented precipitates in the grains and at the grain boundaries,
fig. 3(a). However, most of the aluminum was in solid solution as
evidenced by the lattice parameters, table 4. During irradiation
the original precipitates dissolved, and a new precipitate struc-
ture developed, fig. 3(b). The lattice parameter after irradiation
indicated that most of the aluminum had precipitated from solid
solution to form AllZMg17' The irradiation induced precipitate
structure was similar to that produced [34] in Mg/8 wt$% Al by solu-
tion heat treatment and aging and is believed to be formed by simul-
taneous recrystallization and precipitation of the equilibrium sol-

ute-rich phase at an advancing front throughout individual grains.,
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The precipitates, fig. 3(b), are long with very small diameters and
are lightly curved rather than straight; as if they formed in flow
patterns. Several flow patterns develop within a grain. Geisler
[35] points out that the role of the recrystallization reaction dur-
ing the precipitation process in metals is to provide a means for
decreasing the free energy of the strained matrix. Turnbull [36]
has suggested the term 'cellular precipitation" for this phenomena.

Polycrystalline magnesium deforms [34] under room temperature
tensile loading by basal and non-basal slip, twinning, and accommo-
dation kinking and grain boundary shearing. The observed strain
is contributed mostly by slip [4], while the other mechanisms oper-
ate to satisfy the requirements for continuity and to produce more
favorable orientations for basal slip. After 3% strain, microcracks
are usually observed at twins and grain boundaries.

Fracture surfaces of tensile specimens from irradiated and un-
irradiated Mg/7.7 wt% Al are shown in fig. 3(c) and 3(d). The frac-
ture surface of the unirradiated tensile specimen has the general
appearance of ductile intragranular fracture, however, one can see
a few microcracks, and the grain boundaries are indicated by the
different orientations of the undulations due to basal slip in ad-
joining grains. In contrast, the fracture surface of the irradiat-
ed tensile specimen has numerous microcracks, and the deformation
appears to have occurred at the boundaries between the precipitate
and the matrix (compare fig. 3(b) with fig. 3(d)).

Prior to irradiation,the Mg/5 wt% Al1/0.35 wt% Ce alloy had

- 10 -



most of the aluminum in solid solution, however, a large number of
aluminum-cerium precipitates were present, fig. 4(a), because the
amount of cerium present exceeded the solid solubility of cerium

in magnesium (0.15 wt% at 337°C). The aluminum-cerium precipitates
did not appear to be affected by the irradiation. Aluminum precipi-
tated during irradiation as Alleg17, which appeared partly with an
oriented Widmanstdtten structure and partly as cellular precipita-
tion, fig. 4(b), similar to the flow patterns seen in the Mg/ 7.7

wt% Al alloy.

The unirradiated fracture surface, fig. 4(c), is characteristic
of ductile intragranular failure with some holes caused by Al-Ce pre-
cipitates. The irradiated fracture surface, fig. 4(d), is also in-
tragranular but has numerous microcracks, and the fracture is part-
ly by cleavage on crystallographic planes and partly by deformation
of the soft matrix regions from which cellular precipitations oc-
curred.

Prior to irradiation, the Mg/5.1 wt% Al1/1.6 wt% Sn had some
oriented rod shaped precipitates of Alleg17 and some equiaxed pre-
cipitates of MgZSn in the grains, fig.>5(a). During irradiation
the precipitates were dissolved, and the large grain structure re-
crystallized into a finer grain structure with a fine Widmanstitten
precipitate of Alleg17 within the grains and MgZSn precipitates in
the grain boundaries, fig. 5(b). There was no evidence of cellular
precipitation in this alloy.

The large decrease in the grain size of the Mg/5.1 wt% Al/1.6

wt% Sn alloy after irradiation is seen in the fracture surfaces of
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the tensile specimens before and after irradiation, figs. 6(a) and
6(b). Unirradiated Mg/5.1 wt% Al/1.6 wt% Sn tensile specimens frac-
tured intragranularly, fig. 6(c), in a ductile manner similar to the
other alloys, with a few more microcracks due to the larger grain
size. Irradiated Mg/5.1 wt% Al/1.6 wt% Sn tensile specimens frac-
tured at grain boundaries and within the grains. The fracture sur-
face within the grains had undulations similar to those caused by
basal slip in pure magnesium [4]. However, this tensile specimen
fractured with only 0.3% elongation; therefore, the undulations are
probably not due to slip but to cleavage on crystallographic planes.
It is known from previous studies that Alleg17 precipitates on {1150}
and (0001), making these planes the least resistant to fracture. In
addition, the orientation is favorable for maximum shear stress on
(0001) and tensile stress on (11£o)in a number of grains because the
samples were extruded and have the basal planes parallel to the axis
of the tensile specimen. Furthermore, in the high magnification mi-
crographs, fig. 6(d), the surfaces of the undulations are not smooth
as in the unirradiated tensile specimens, but have small holes the
size of the Alleg17 precipitates.

Prior to irradiation, the Mg/3.0 wt% A1/0.19 wt$% Ca alloy had

both very fine and large precipitates, fig. 7(a), of Al,Ca through-

2
out the grains because the calcium present exceeded the solid solu-

bility of calcium in magnesium (0.1 wt% at 350°C). Most of the alu-
minum was in solid solution. This alloy had the smallest grain size;

probably because of the very fine AlZCa precipitates. During irra-

diation the fine AlZCa precipitates dissolved, or became too small
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to observe, and larger A12Ca particles appeared in the grain boun-
daries, fig. 7(b). At the same time, Alleg17 precipitated in the
grains. The Alleg17 precipitates were so small that they could
not be detected by a conventional x-ray diffraction powder pattern.
However, a diffractometer trace of a large cross section of the ten-
sile specimen gave small, very broad Alleg17 reflections for the
(110), (332), (422), (331), and (550) planes. These reflections
were detectable because the preferred orientation of the sample

caused them to have increased diffraction intensity, and the {1120}

planes of magnesium are common planes for Alleg17 precipitation.
The polished and lightly etched surface of the grains have a sponge-
like structure, fig. 7(b), not present in the unirradiated samples,
which is believed to be the relief surface from which the fine pre-
cipitates were etched.

Fracture surfaces of unirradiated and irradiated Mg/3.0 wt% Al/
0.19 wt% Ca are shown in fig. 7(c), 7(c). The unirradiated fracture
surface had the general appearance of ductile intragranular rupture,
and the grain size was so fine that grain boundaries were not delin-
eated. The fracture surface of the irradiated specimen was totally
intergranular with many microcracks between grains suggesting that
most of the deformation was by grain boundary shearing.

Unirradiated Mg/5.2 wt% A1/0.2 wt% Ca had a larger grain size
than the Mg/3.0 wt% A1/0.19 wt% Ca alloy and only relatively large
A12Ca precipitates, fig. 8(a), in contrast to the fine AlZCa precip-

itates that were observed in Mg/3.0 wt% Al/0.19 wt% Ca alloy. These
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fine precipitates were apparently produced by the higher temperature
homogenizing heat treatment. Most of the aluminum was in solid solu-

tion. During irradiation Al Mg17 precipitated with a Widmanstdtten

12

structure, fig. 8(b), in the grains. The large Al,Ca particles re-

2

mained in the grains. However, more AléCa particles appeared in the
grain boundaries.

Fracture surfaces of unirradiated and irradiated Mg/5.2 wt% Al/
0.2 wt% Ca are shown in figs. 8(c) and 8(d). The unirradiated frac-
ture surface shows ductile intragranular rupture. The irradiated
fracture surface shows mostly intergranular fracture with undula-
tions on the surface of some grains that are believed to be due to

cleavage on crystallpgraphic planes. These specimens fractured at

0.3 per cent total elongation.
3.42 Aluminum Alloys

The composition of the 1100 aluminum alloy is shown in table 1.
Because of the relatively low silicon content (<.06 wt%), most of
the precipitates were A13Fe plus a few Allee3 Si particles. There
was very little Fe in the matrix. Some of the copper present (0.15
wt%) was in the matrix and some in the AllZFe3 Si particles.

During irradiation 0.52 wt% Si was produced in the 1100 alloy
by nuclear transmutation. Some of the silicon precipitated as fine
particles in the matrix. In addition, most of the large precipi-
tates were AllZFeS Si rather than A13Fe indicating that some of
the transmuted Si had reacted with the AlSFe to form Al

lee3 Si.
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Fracture surfaces of tensile specimens from both unirradiated
and irradiated 1100 aluminum showed intragranular ductile rupture.

The composition of the 6063 aluminum alloys is also .shown in
table 1. The solution treated and age hardened tempers have a fine
needle like precipitate of Mg2 Si in a Widmanstdtten structure that
is best observed with high resolution transmission electron micro-
scopy [28]. Large Mg2 Si particles in the overaged temper were also
difficult to observe because they were easily attacked and etched
out during polishing. The most frequently observed precipitates
seen with optical and scanning electron microscopy were AllZFe3 Si.

During irradiation 0.76 wt% Si was produced in the 6063 Al by
nuclear transmutation and a fine precipitate, believed to be the
Si (fig. 9), formed in the matrix. The large precipitates (Allee3
Si) did not appear to change. It is possible that some changes al-
so occurred in the Mg2 Si precipitates. However, no TEM studies
were made to look for such effects.

The principle effects of irradiation on the tensile fracture be-
havior of 6063 aluminum was to change the mode of fracture from to-
tally intragranular to about 50% intergranular, figs. 10(a) and 10

(b). The same amount of intergranular fracture was produced by age

hardening the unirradiated samples from DPH=60 to DPH=80.

4. Conclusions

The ductility of magnesium alloys, irradiated to high fluences,
was severely reduced by irradiation induced precipitation and re-

crystallization of various forms that depended on the amount and
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kind of alloying additions.

Alloys with the cellular precipitation of Al fractured

12M817
intragranularly at the boundary between the matrix and the precipi-

tate. Alloys with the Widmanstdtten precipitate of Alleg17 in the

grains and grain boundary precipitates of Alzca and MgZSn fractured

intergranularly.

All of the alloying additions to magnesium eliminated swelling.
However, the alloy with the lowest aluminum addition, Mg/3.0 wt% Al/
0.19 wt% Ca, retained the most ductility. Even in this alloy it ap-
peared that less aluminum (e.g., 1.0 wt% Al) and less calcium (e.g.,

0.05 wt% Ca), to prevent grain boundary precipitation of Al.Ca, would

2
have been desirable. The alloy should also be homogenized at a rela-
tively high temperature and time (e.g., 2 wks. at SODOC) to assure
good grain refinement by forming very fine AlZCa precipitates.
Precipifation of transmuted silicon occurred in the aluminum al-
loys, but did not seriously reduce their ductility. The 6063 alumi-
num when irradiated to high hardness (e.g., DP=100) or age hardened
in the absence of irradiation, changed its mode of fracture from com-
pletely intragranular to about 50% intergranular. Intergranular frac-
fure was not assoclated with precipitates in the grain boundaries as
was the case for the magnesium alloys. In addition, x-ray scans
across the grain boundaries showed no concentration of silicon. It
is believed the intergranular fracture occurred because the grains
became sufficiently strengthened and limited in their modes of de-

formation by the fine Si precipitates that the required stress was
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reached for grain boundary shear. The 6063 aluminum had excellent

resistance to swelling.
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Table 3

Density Changes In Irradiated Magnesium

And Aluminum Alloys

Alloy . Density Change (Ap/p, %)
Pure Magnesium  -10.6
Mg/7.7 wt% Al -0.37
Mg/3.0 wt% A1/0.19 wt% Ca -0.13
Mg/5.2 wt% A1/0.20 wt% Ca -0.23
Mg/5.1 wt% Al/1.6 wt$% Sn -0.51
Mg/5.0 wt% A1/0.35 wt% Ce -0.32
1100 A1 (DPH=27) -0.33
1100 Al (DPH=52) -0.31
6063 Al* (DPH=30) -0.22
6063 Al* (DPH=63) -0.21
6063 Al* (DPH-83) -0.22

* Varying degrees of precipitation hardening before irradiation had

no apparent effect on swelling.



Table 4

Lattice Parameters And Unit Cell Volume

Changes For Magnesium Alloys

Alloy a c (A!)***

u* Ity 1 v
Mg/3.0 wt$ A1/0.19 wt$ Ca 3.1988  3.2033 5.1928 5.2069 0.55
Mg/5.2 wt% Al/0.20 wt% Ca 3.1787  3.2049 5.1638 5.2001 2.31
Mg/5.0 wt$ A1/0.35 wt$ Ce 3.1857  3.2077 5.1716 5.2063 2.02
Mg/5.1 wt$ Al/1.6 wt$ Sn 3.1806  3.2025 5.1672 5.1955 1.90
Mg/7.7 wt$ Al " 3.1735  3.2036 5.1582 2.74

* J is unirradiated, I is Irradiated

A% V is unit cell volume /3/2 azc.

5.2045
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Table 6

Effects Of Irradiation On The Hardness Of Mg And Al Alloys

Pure Mg
Mg/7.7 wth
Mg/3.0 wt$%
Mg/5.2 wt%
Mg/5.1 wt%
Mg/5.0 wt$
1100 Al
1100 Al
6063 Al
6063 Al
6063 Al

* 500 g

Al
A1/0.19 wt% Ca
Al1/0.20 wt% Ca

Al/1.6 wt$% Sn

Al1/0.35 wt% Ce

load.

Diamond Pyramid Hardness*

Before Irradiation

After Irradiation

27
62
50
55
54
55
27
52
30
63
83

33
91
85
87
86
86
65
71
74
v83
101



4.75 cm

FIGURE T.

Comparison of irradiated pure magnesium
with Mg/3.0 wt% A1/0.19 wt% Ca alloy.
The pure magnesium suffered severe
swelling and distortion due to voids
and intergranular cavities [4]. The
magnesium alloys suffered only minor
changes in density.



FIGURE 2.

Specimen holder and specimens for
irradiation experiments. Holder is
of the same material as the specimens.
The rods are 4.750 cm Tong x 0.318 cm
diameter. The tensile specimens are
4.750 cm long x 0.556 cm diameter
with a gauge length 2.858 cm Tong x
0.318 cm diameter. The gauge length
is surrounded by a filler tube to
provide good heat transfer. Speci-
mens were irradiated in a sealed tube
containing helium.
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4 um

(c) Unirradiated (d) Irradiated

FIGURE 3. Microstructure and fracture structure of unirradiated
and irradiated Mg/7.7 wt% Al alloy. Note that the
fracture, (d), is occurring along the Al,;Mg,- pre-
cipitate boundaries, (b).



(a) Unirradiated (b) Irradiated

(c) Unirradiated (d) Irradiated

FIGURE 4. Microstructure and fracture structure of unirradiated
and irradited Mg/5 wt% A1/0.35 wt% Ce alloy. The
fracture, (d), is occurring partly along participate
boundaries and partly by cleavage due to mixed
"cellular" and Widmanstdtten structure, (b).



(a)
FIGURE 5.

20 um

Unirradiated (b) Irradiated

Microstructure of unirradiated and irradiated Mg/5.1
wt% A1/1.6 wt% Sn alloy. This alloy recrystallized,
(b), to a finer grain size with Al,,Mg;, Widmanstatten

precipitates in grains and Mg,Sn precipitates in grain
boundaries.



(a)

(¢c)
FIGURE 6.

i
*

700 ym

Unirradiated (b) Irradiated

Unirradiated (d) Irradiated

Fracture structure of unirradiated and irradited Ma/5.1
wt% A1/1.6 wt? Sn alloy. Fracture in (b) is finer than
(a) because of recrystallized grain structure. Many
grains fractured by crystallographic cleavage, (d), on
planes that contained the Al,:Mg:-; precipitates. The
rough surface in (d) is due to holes equal to the size
of the precipitates.



(c)

FIGURE 7.

(b) Irradiated

Unirradiated (d) Irradiated

Microstructure and fracture structure of unirradiated and
irradiated Mg/3.0 wt wt A1/0.19 wt% Ca. Note fine Al:Ca
precipitates in (a). Irradiation produced larger grain
boundary precipitates, (b), which caused interaranular
fracture, (d).



(c)

FIGURE 8.

(b) Irradiated

Unirradiated (d) Irradiated

Microstructure and fracture structure of unirradiated and
irradiated Mg/5.2 wt% A1/0.20 wt% Ca. Widmanstdtten pre-
cipitate structure of ATi2Mgi-; and grain boundary precipi-
tates of Al,Ca caused intergranular fracture and fracture
by crystallographic cleavage.



(a)

FIGURE 9.

Unirradiated "(b) Irradiated

Precipitation of transmuted silicon in irradiated 6063
aluminum. The large rods are Al,.Fe; Si. The fine white

particles in (b) are Si.
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(a) Unirradiated (b) Irradiated

We .

FIGURE 10. Fracture structure of unirradiated and irradiated 6063
aluminum. Fracture mode changed from typical cup and
cone ductile rupture, (a), to partly intergranular
rupture, (b).




